I. INTRODUCTION
Adsorption processes are of fundamental importance and applied extensively in academia, industry, and in the household. In chemistry, for example, column and gas chromatography is based on the different interactions of adsorbents with adsorbates.
Adsorbed species are typically generated by applying liquids or gases to surfaces in a first step. 1 Investigations of solid/solid adsorption processes using neat solid adsorbates and solid adsorbents in the absence of a solvent remain rare. The first examples studied by solid-state nuclear magnetic resonance (NMR) were described by Günther using polycyclic aromatic hydrocarbons (PAH). 2, 3 Subsequently, the concept of solid/solid adsorption could be extended to metallocenes, which sparked interest as precursors for catalysts such as the Union Carbide catalyst (chromocene on silica or alumina). 4 Early research in our group resulted in a study of paramagnetic chromocenes in polycrystalline and adsorbed form, 5, 6 while Oprunenko and Günther investigated biphenylene chromium tricarbonyl complexes. 7 Later, we studied diverse diamagnetic and paramagnetic metallocenes and demonstrated that they can be adsorbed as solids on amorphous high surface area silica gel [8] [9] [10] [11] and on various carbon supports. 12 In all the cases of successful solid/solid adsorption described, 2-12 unique solid-state NMR [13] [14] [15] [16] features were found due to the mobilities of the adsorbate molecules on the surfaces. The anisotropic interactions dominating the signal shapes of crystalline solids, [13] [14] [15] [16] dipolar and quadrupolar interactions, 13, 14 as well as the Chemical Shift Anisotropy (CSA) 13, 14 of the signals of the adsorbed species are averaged out. Signals with larger residual linewidths, but devoid of rotational sidebands, resulted. The broader isotropic lines have been interpreted as a consequence of the heterogeneous surroundings of the nuclei on the support surfaces vs their environment in a single crystal.
Recently, we could show qualitatively that various solid aryland alkylphosphine oxides with high melting points can also be adsorbed on silica surfaces in the absence of solvents. 17, 18 However, many questions still remain to be answered, especially with respect to the interactions of the phosphine oxides with the support. While for PAH and metallocenes, van der Waals interactions are most likely responsible for the interactions of the adsorbates with the support surfaces, for phosphine oxides, hydrogen bonding additionally plays a role. It has, for example, been shown by single crystal x-ray diffraction that silanols, 18, 20 phenols, [20] [21] [22] naphthol, 23 sulfonic acids, 24 and even chloroform 20 form hydrogen-bonded adducts with phosphine oxides. Recently, we also discovered that phosphine oxides possess the unique ability to stabilize hydrogen peroxide and di(hydroperoxy)alkanes by forming strong hydrogen bonds. 19, [25] [26] [27] [28] [29] Furthermore, the influence of hydrogen bonding on the 31 P solid-state NMR spectra of oxidic P(V) species has been analyzed in detail. 30 In general, phosphine oxides are important for different reasons. For one, they are byproducts of all chemistry involving phosphines, for example, in the field of immobilized catalysts. [31] [32] [33] [34] They are encountered when Rh catalysts are tethered to a support by monodentate or chelating phosphine linkers incorporating alkyl chains 31 and by phosphines with a tetraphenylelement scaffold 32 because Rh catalyzes phosphine oxidation. Phosphine oxides are also found in Pd/Cu Sonogashira 33 and Ni catalysts immobilized with bi-and tridentate phosphine linkers. 10, 34 Furthermore, phosphine oxides are co-products of Wittig and Appel reactions. They are also applied to probe the surface acidities of oxide materials 35 and recently received additional attention regarding the analysis and decomposition of warfare agents. 36 Importantly, phosphine oxides are also indispensable synthetic intermediates and targets. 37, 38 For example, they are used for Mitsunobu reactions for a long time 38(g) and are presently the focus of attention as redox-free Mitsunobu organocatalysts. 38(h) In this contribution, we present new results that detail the different modes of mobility that triphenylphosphine oxide (TPPO, 1), in polycrystalline form, and adsorbed in submonolayers on alumina surfaces, can undergo. Phosphine oxide 1 has been chosen because it is not hygroscopic, in contrast to some alkylphosphine oxides, 19 and its monofunctional nature avoids complications that can be encountered in the presence of a second intramolecular PO group. 18 Alumina finds a broad variety of applications in daily life and academia. In the laboratory, for example, it is used as a catalyst in organic synthesis and as the stationary phase for chromatography. In combination with solid-state NMR spectroscopy, alumina is rather neglected because of its heterogeneous nature, being composed of Al nuclei surrounded octahedrally and tetrahedrally by O atoms, and the quadrupolar nature of Al. 39
II. RESULTS AND DISCUSSION
It has been established previously that triphenylphosphine oxide (TPPO, 1) can be adsorbed on silica surfaces by dry grinding without any solvent. 17, 18 The interaction of 1 with the silica surface was determined to be propagated by hydrogen bonding with surface silanol groups. 17, 20 Most importantly, when adsorbed on silica, 1 exhibits unusually high mobility on the surface at room temperature, leading to the observation of a sharp liquid-like signal in the 31 P solid-state NMR spectra. 17, 18 When 1 is dry-ground with alumina instead of silica (Table I) , it also self-adsorbs on the surface, which most probably takes place by a translational motion as indicated by step a in Scheme 1. We find a narrowing of the 31 P NMR signal as well ( Fig. 1 ). Additionally, the 31 P T 1 relaxation times of 1, adsorbed on alumina, are very short with values between 2 s and 4 s, in contrast to the long T 1 times of up to minutes expected for polycrystalline triarylphosphine species. 17, 40 The type of motion and reorientation of adsorbed 1, as depicted in Scheme 1 by the cases a-d, have not yet been investigated on any surface. Therefore, we sought to suggest a motional model for 1 on an alumina surface and to characterize the modes of mobility quantitatively. For this purpose, we have performed variable temperature NMR experiments, including 31 P T 1 relaxation time measurements for molecules of 1 adsorbed on alumina. In order to study the impact of the density of 1 on the surface, the coverage of the alumina surface has been varied from a dense monolayer (99%) to a sub-monolayer coverage of 25% (Table I) . Maximal coverage has been determined by offering an excess of polycrystalline 1 and determining the fraction of the adsorbed vs left-over crystalline material, as described previously for adsorbed ferrocene. 11 In a first step, in order to establish the baseline spectroscopic properties of 1, a polycrystalline sample of 1 was characterized by solid-state NMR. The static room temperature 31 P{ 1 H} NMR spectrum of this compound is displayed in Fig. 1 . It shows a typical axially symmetric CSA (chemical shift anisotropy) pattern. 13, 14 The spectrum, recorded at a spinning rate of 5 kHz, allows the calculation of the CSA parameters. 14 The isotropic chemical shift corresponds to δ iso = 26.0 ppm, the CSA to Δσ = −166 ppm, and the asymmetry parameter to η = 0.06. The values are close to those reported for the static tensor of 1. 41 Therefore, it can be concluded that no motions of polycrystalline 1 can be observed on the T 2 NMR time scale.
The 31 P T 1 relaxation time of 1 at 295 K, spinning at 5 kHz, has been determined as 60 s. At this point, two conclusions can be drawn from these measurements. First, the main CSA tensor component, potentially causing the relaxation via the CSA, does not change its orientation, even on the T 2 NMR time scale. Thus, the CSA mechanism can be ruled out. Second, the 1 H-31 P dipole-dipole relaxation is not very effective, despite a large number of protons in 1. Obviously, this is due to the absence of free or high-amplitude rotations around the axis defined by the P= =O bond and the P− −C bonds. The latter is supported by the room temperature 13 The situation changes completely when proceeding from polycrystalline 1 to samples of 1 adsorbed on alumina (Table I) . In contrast to 1, the static 31 P{ 1 H} NMR spectra of 2-5, recorded at room temperature ( Fig. 3) , exhibit a sharp resonance at δ( 31 P) = 34.8 ppm. This resonance represents the isotropic line of 1 adsorbed on the alumina surface. It is remarkable that the 31 P{ 1 H} NMR spectra of adsorbed 1, for example of 4, measured with 1 H-31 P CP do not show any signals, even when the contact times are varied between 0.05 ms and 8 ms. Both spectroscopic effects correspond well to highly mobile molecules of 1 on the alumina surface, as qualitatively observed for 1 adsorbed on silica surfaces earlier. 17 Another important feature of the spectra displayed in Fig. 3 is that the linewidths of the 31 P NMR resonances depend on the surface coverages of alumina with 1. The halfwidths of the signals increase steadily from 0.6 kHz for 2 to 0.7 kHz, 1.6 kHz, and 1.9 kHz for 3-5. This result indicates that molecular motions of adsorbed 1 occur on the T 2 NMR time scale. In principle, the increased residual linewidth found for the samples 2-4 as compared to polycrystalline 1 could be the consequence of the P= =O group interacting The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp with different sites on the alumina surface. This scenario has, for example, been described in detail for the 15 N resonance of pyridine, adsorbed on aluminated SBA-15. 39(b) However, for adsorbed 1, the linewidth was found to depend on the amount of alumina used per sample or, in other words, the surface coverage ( Fig. 3 ). Therefore, in the presented case, the linewidth is the result of the exchange process.
The signals of adsorbed 1 do not show any CSA features ( Fig. 3) . Therefore, isotropic, liquid-like reorientations of the molecules on the surface can be assumed. In accordance, the 31 P T 1 relaxation times in the alumina samples are short for static and spinning samples (5 kHz) at 295 K. The measured T 1 values are 1.4 s for 2-4 and 1.7 s for 5. In comparison, polycrystalline 1 exhibits a 31 P T 1 relaxation time of 60 s under the same conditions. The practically exponential spin-lattice relaxation of the 31 P nuclei in the samples 2-5 is illustrated in Fig. 4 . This feature again corresponds to a liquidlike state of the adsorbed molecules on the alumina surface. It is important to note that in contrast to the linewidth dependence on the degree of surface coverage (Fig. 3 ), the 31 P T 1 time remains the same in the samples 2-4 and increases only insignificantly for 5. Thus, besides the libration motions discussed above, the molecules of adsorbed 1 show other very fast reorientations occurring on the T 1 NMR time scale.
The static variable temperature 31 P{ 1 H} NMR spectra, illustrated in Fig. 5 , characterize the slow motions in 4. When the motions are frozen on the NMR time scale, the 31 P resonance experiences an evolution from a very sharp Lorentz-shaped line at 315 K to a CSA pattern at 183 K. This is confirmed by the simulation of the wideline 31 P NMR spectrum of 4 at 253 K (see below and Fig. S5 ).
The CSA pattern obtained for the sample spinning at a rate of 4 kHz (Fig. 6 ) was simulated to yield the isotropic chemical shift δ iso = 34.8 ppm, the CSA Δσ = −110 ppm, and the asymmetry parameter η = 0.0 ( Fig. S6 ). It should be noted that the temperature dependence of the δ iso ( 31 P) is small, as shown in Fig. 6 when comparing resonances of adsorbed 1 obtained at 295 K and 183 K. A comparison of the 31 P{ 1 H} NMR data of 1 with those derived from samples 2-4 ( Fig. 3) shows that the isotropic chemical shift changes from 25 ppm for polycrystalline 1 to 35 ppm for adsorbed 1. Similar 31 P downfield shifts were recently described for various trialkylphosphine oxides and 1 adsorbed on silica. 17, 18 Changes of the 31 P chemical shifts were also reported for substituted phenol and silanol adducts of 1 in solution 41 and in the solid state. 20 Furthermore, H 2 O 2 and di(hydroperoxy)alkane adducts of phosphine oxides display the same trend. [25] [26] [27] [28] [29] For all these cases, the formation of hydrogen bonds between the different − −OH groups and the O= =P groups of the phosphine oxides has been proven independently by single crystal x-ray analyses. Therefore, the interactions between the alumina surface and adsorbed molecules of 1 can be attributed to the Nevertheless, the presence of a hydrogen bond to the phosphine oxide implies that there is a decreased P= =O double bond character. 19, [25] [26] [27] [28] [29] This, in turn, could be associated with a decrease in the 31 P CSA value from 166 found for 1 to 110 ppm for 4. However, since a minimal 31 P CSA value of 149 ppm has been found for the 2,4-dinitrophenol adduct of 1, 41 the low-temperature CSA tensor of 4 cannot be a true static tensor and some sort of motion must be present to explain the small value of 110 ppm for 4. The best candidate for such a motional mode is the rotation around the P= =O axis in hydrogen-bonded adsorbed species, illustrated as rotation b in Scheme 1. Finally, these interactions between the alumina surface and 1 are also visible in the 13 C NMR spectra of 4 (Fig. 2) . The oand m-phenyl carbons become equivalent, resulting in narrow signals with δ values of 131.4 (Ci, Co) ppm, 130.0 (Cp) ppm, and 127.7 (Cm) ppm, in accordance with the δ( 13 C) for a H 2 O 2 adduct of 1 in solution. 19 The temperature dependence of the 31 P{ 1 H} NMR spectra displayed in Fig. 5 indicates a distinct spectroscopic effect, as the 31 P nuclei in 4 lose their CSA upon heating from 183 K to 315 K. Such a lineshape evolution on the T 2 NMR time scale can only be observed when the hydrogen bond P= =O⋯H− −O dissociates and the molecules of 1 are liberated. These molecules remain on the alumina surface due to van der Waals forces; however, they experience isotropic molecular reorientation. Eventually they form hydrogen bonds again, with either the same OH groups or adjacent ones. The simultaneous rotation of the surface OH groups (motion d in Scheme 1) should facilitate the reattachment of 1 in the latter case that corresponds to jumps from one surface site to the next. Consequently, one should expect a dependence of the process rate on the surface coverage with 1 (see below). In this context, it should be noted that simple rotations, even very fast ones, around the axis defined by the P= =O bonds in the P= =O⋯H− −O adducts (Scheme 1, rotation b) cannot average out the CSA entirely due to the remaining C 3v symmetry of surface-adsorbed molecules of 1. The issue of surface detachment during the jumps from one OH group to an adjacent one has also been analyzed in detail for pyridine adsorbed on mesoporous silica surfaces; 43 however, analogies are limited because, in contrast to this adsorbate, 1 is not volatile.
A lineshape analysis for the variable temperature 31 P NMR spectra of 4 (Fig. S5) , illustrating the loss of the CSA when increasing the temperature, has been performed within the limits of a two center exchange between δ 33 and δ 11 = δ 22 (Fig. 5, 183 K) to obtain the process rate constants, K exch , at different temperatures. The values summarized in Table II and illustrated in Fig. 7 gave the kinetic characteristics ΔH # = 8.5 ± 0.5 kcal/mol and ΔS # = 7.4 ± 2.0 e.u. The rate constant K exch also changes with the surface coverage of 1 on alumina, as determined by recording the 31 P{ 1 H} NMR spectra of samples 2-5 at 295 K (Fig. 3) . The values are summarized in Table III and graphically depicted in Fig. 8 . The latter shows that the rate decreases exponentially with increasing surface coverage. This result illustrates the importance of free OH surface sites, particularly for small coverages. Most probably, for large surface coverages, the process goes through hydrogen bond dissociation exclusively, corresponding to a monomolecular transformation. This explains why the entropy ΔS # (7.4 e.u., see above) is insignificant.
The variable temperature 31 P T 1 relaxation times characterizing the fast reorientations of surface-adsorbed molecules of 1 in a static sample of 4 are listed in Table IV. In the context of possible relaxation mechanisms, it is important to emphasize that the relaxation is practically exponential (Fig. 4) and that the 31 P T 1 time does not change when going from the static to spinning samples. Therefore, the spin-diffusion relaxation mechanism 44 can be ruled out.
As discussed above, the 31 P CSA vector in 4 reorients on the T 2 NMR time scale. Therewith, the T 1 CSA relaxation mechanism is also ineffective. Figure 9 depicts the temperature dependence of the 31 P T 1 relaxation time in coordinates of ln T 1 vs 1000/T, characterizing fast reorientations of the adsorbed molecules of 1 in sample 4.
The curve in Fig. 9 , obtained as described below, is V-shaped and shows a 31 P T 1min time of about 1 s at 324 K. This T 1min temperature is close to the value of 341 K that was observed for 45 where the relaxation process is fully governed by the 1 H-31 P dipolar mechanism. This mechanism is activated by rotations of phenylene rings, 45 as exemplified for adsorbed 1 as rotation c in Scheme 1. These rotations, in turn, reorient the dipolar P⋯H vectors. The 31 P T 1min time measured in the tin phosphonate material 45 is remarkably longer (6.8 s) than the 1 s for 4. However, in the context of the dipolar mechanism, this is not surprising because the number of protons close to the 31 P nuclei in the molecules of 1 is larger. In addition, the 31 P T 1 CSA relaxation mechanism is obviously ineffective because the 31 P CSA vector in 4 reorients slowly on the T 2 NMR time scale.
Based on all the NMR data, we suggest that the 31 P relaxation of molecules of 1 adsorbed on the alumina surface is dipolar and governed by fast rotations of the Ph 3 P= =O molecules around the axis defined by the P= =O bonds, depicted as rotation b in Scheme 1. While the impact of phenyl group rotation according to rotational mode c in Scheme 1 cannot be excluded entirely at this point, the theoretically obtained energy barriers to phenyl ring rotations in solid Ph 3 PO are dominated by steric interactions and comparatively high. 46 Due to the fast Ph 3 P= =O rotations around the P= =O axis, the T 1 relaxation time of the phenyl protons, showing a narrow 1 H NMR signal at 6.6 ppm ( Fig. 10) , is also short with a value of 0.48 s. This is close to the 1 H relaxation time of the phenylene protons in the tin phosphonate materials. 45 The broad signal at about 4 ppm stems from the alumina support.
The variable-temperature 31 P T 1 relaxation in a static sample of 4 ( Fig. 9 ) has been treated with the following equation 
Here, ω P and ω H are the 31 P and 1 H resonance frequencies, respectively, ω = 2πν, τ C = τ 0 exp(ΔE/RT), and ΔE is the activation energy. While, in general, 1/τ 0 represents the frequency of attempts needed to overcome the energy barrier, here τ 0 serves only as a fitting parameter. The good fit (solid line) supports the interpretation based on a 1 H-31 P dipolar mechanism and provides the activation energy ΔE of 5.4 ± 0.5 kcal/mol characterizing the Ph 3 P= =O rotation around the P= =O axis (rotation b in Scheme 1). Note that a smaller energy of 3 kcal/mol has been reported for the rotation of phenylene rings in tin phosphonate materials. 45 This is a logical consequence of the larger inertia moment of the rotating Ph 3 P= =O group. Interestingly, 3.6 kcal/mol also characterize the phosphate head group rotation in dimyristoylphosphatidylcholine membranes in the liquid crystalline phase. 48 Equation (1) is only valid for isotropic motions, 47 while the Ph 3 P= =O rotation around the P= =O axis is anisotropic in nature. However, as shown earlier, when an isotropic model is applied for anisotropic motions, [49] [50] [51] the ΔE value is still meaningful, and the correlation time constant τ 0 remains an effective parameter. In fact, according to the fitting procedure in Fig. 9 , a τ 0 value can be calculated as 2.8⋅10 −6 for rotations in 4.
III. CONCLUSIONS
Triphenylphosphine oxide (TPPO, 1) has been adsorbed on neutral alumina by dry grinding of the components in the absence of a solvent. The adsorption proves qualitatively that there is translational mobility of 1 on the surface of alumina. Different surface coverages, from a densely packed monolayer (99% coverage) to a dilute sub-monolayer (25%), have been produced. The samples have been studied by diverse multinuclear 1 H, 13 C, and 31 P variable temperature solid-state NMR techniques. The interactions of 1 with the surface are dominated by hydrogen bonding of the P= =O group to OH groups on the alumina surface. The 31 P solid-state NMR spectra prove that even at low temperatures, the molecules of 1 are highly mobile on the surface. Using T 1 and T 2 relaxation time analyses of the 31 P resonance in the solid state at variable temperatures allowed the identification and quantification of two different modes of mobility. Besides the translational mobility that consists of jumps from one hydrogen-bonding OH site on the surface to an adjacent one, a rotational movement around the axis defined by the P= =O group of 1 occurs. These results are phenomenologically interesting, and they provide valuable insight into mobilities on the surface. Since adsorption on surfaces is the first step prior to reactions taking place, the deeper insight into the motional processes on the surface will lead to a better understanding of reactivities, for example, in surface-assisted and stereoselective chemistry.
IV. EXPERIMENTAL
The 31 P{ 1 H}, 13 C{ 1 H} CP, and 1 H spinning (MAS) and static (wideline) NMR experiments were carried out on a Bruker Avance 400 solid-state NMR spectrometer (400 MHz for 1 H nuclei), equipped with standard two-channel 7 mm and 4 mm MAS probe heads. The standard single pulse (direct nuclear excitation with a 50 ○ rf pulse) and CP pulse sequences were applied for the nuclei 31 P and 13 C with recycle delays of 10 s and 12 s, respectively, needed for complete spin-lattice relaxation. The contact times of 2 ms and 5 ms were adjusted for the standard 13 C{ 1 H} and 31 P{ 1 H} CP/MAS NMR experiments, respectively. The 13 C{ 1 H} MAS NMR experiment for solid TPPO required a recycle delay of 25 s due to a long 1 H relaxation time. The tppm15 (two pulse phase modulation) pulse sequence has been used for complete 1 H decoupling. The external standards used for referencing the solid-state NMR chemical shifts were TMS ( 1 H, 13 C) and H 3 PO 4 solutions ( 31 P).
The variable temperature 31 P NMR experiments were performed using a standard temperature unit of the spectrometer calibrated with liquid methanol placed into a 7 mm rotor. 31 P T 1 relaxation times were measured by inversion-recovery (180 ○ − τ − 90 ○ ) experiments, the rf pulses were calibrated, and the τ delays widely varied to determine the estimates of T 1 relaxation times. Relaxation (recycle) delays were adjusted to provide complete nuclear relaxation in each cycle.
The experimental 1 H and 31 P inversion-recovery data "signal intensity vs τ time" have been treated with a standard nonlinear fitting computer program based on the Levenberg-Marquardt algorithm. 52 The statistical error margins for the determined 31 P T 1 relaxation times were <15%.
The lineshape analysis of the variable temperature 31 P{ 1 H} static NMR spectra was performed with a Bruker DNMR program of the spectrometer software.
Pure triphenylphosphine oxide was obtained by oxidizing triphenylphosphine with aqueous hydrogen peroxide and removing hydrogen-bound water and hydrogen peroxide with molecular sieves, as described earlier. 19 The support material aluminum oxide (γ phase with 5%-20% α phase, 99.98% purity based on metals, average pore diameter 90 Å, specific surface area 100 m 2 /g) was purchased from Alfa Aesar and dried at 180 ○ C for 48 h under vacuum prior to use. In a representative adsorption procedure, 22.0 mg (0.079 mmol) of triphenylphosphine oxide was dry ground for 5 min together with 1 g of aluminum oxide using a mortar and pestle. The sample was then moved to a vial, and the adsorption process was allowed to proceed to completion overnight.
